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1. Introdution
The theoretial demonstration of spin transfer torque in metalli spin valves (SV) ten
years ago [1℄ gave a new breath to giant magnetoresistane related studies [2℄, promising
exiting new appliations in non-volatile memories tehnology [3℄ and radio-frequeny
osillators [4℄. A number of fundamental studies in metalli spin valves revealed the
dierent properties of spin torque and led to a deep understanding of urrent-indued
magnetization dynamis [5, 6, 7, 8, 9℄. Partiularly, several theoretial studies desribed
the struture of the torque in metalli magneti multilayers and showed the important
role of averaging due to quantum interferene, spin diusion and spin aumulation
[10, 11, 12℄.
Sine the rst experimental evidene of spin-dependent tunnelling [13℄, magneti
tunnel juntions (MTJs) have attrated muh attention beause of the possibility to
obtain large tunnelling magnetoresistane (TMR) at room temperature [14℄. The
possibility to use MTJs as sensing elements in magnetoresistive heads, as non-volatile
memory elements or in reprogrammable logi gates has also stimulated a lot of
tehnologial developments aiming at the optimization of MTJs' transport properties
and their implementation in silion-based iruitry [3, 15℄. Beause of these appliations,
MTJs have been intensively studied and the role of interfaes [16℄, barrier [17℄, disorder
[18℄ and impurities [19℄ have been addressed in many publiations [21℄. The reent
ahievement of urrent-indued magneti exitations and reversal in MTJs [20℄ has
renewed the already very important interest of the sienti ommunity in MTJs.
The observation of spin transfer torque in low RA (resistane area produt) MTJ
using amorphous [20℄ or ristalline barriers [15, 22℄ opened new questions about the
transport mehanism in MTJ with non ollinear magnetizations orientations. As a
matter of fat, whereas the urrent-perpendiular-to-plane (CPP) transport in SV is
mostly diusive and governed by spin aumulation and relaxation phenomena [11, 12℄,
spin transport in magneti tunnel juntions is mainly ballisti and governed by the
oupling between spin-dependent interfaial densities of states: all the potential drop
ours within the tunnel barrier. J. C. Slonzewski rst proposed a free eletron
model of spin transport in a MTJ with an amorphous barrier [24℄, deriving TMR, spin
transfer torque (STT) and zero bias interlayer exhange oupling (IEC). This rst model
only onsidered eletrons at Fermi energy, negleting all non-linear tunnel behaviour
(onsequently, urrent-indued IEC was found to be zero). More reently, the author
proposed a more general model based on Bardeen's Transfer Matrix (BTM) method [25℄.
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Another group presented at tight-binding model (TB) of a MTJ, giving more realisti
band strutures than the usual free eletron model [26, 27℄. These studies showed that
spin torque should present an important bias asymmetry and the dissipative part of IEC
(also alled urrent-indued eetive eld) should be of the same order of magnitude
than STT with a quadrati dependene on the bias voltage [26℄. Finally, we note that
in the same spirit as Ref. [28℄, Levy and Fert studied the role of hot eletrons-indued
magnons on STT in MTJ [29℄. In reent experiments, the important relative amplitude
of urrent-indued eetive eld ompared to the spin torque term has been veried
[30, 31, 32℄ but the role of magnons is still under investigation (in the rst experiment
the urrent-indued magnetization reversal oured while the TMR was quenhed by
magnons emissions [20℄). These spei features show that tunnelling transport has a
strong inuene on spin transfer torque harateristis.
We reently presented [12℄ a desription of spin-dependent transport in a MTJ
treated in a free-eletron assumption, based on Keldysh non-equilibrium tehnique [33℄
applied to a MTJs with an amorphous barrier (suh as AlOx). This method is lose to
Ref. [24℄, although more general sine we onsider the ontribution of all eletrons lying
below the Fermi energy. In the present artile, we fous on the anatomy of spin transfer
torque in suh a MTJ, paying attention to the origin of the spei harateristis of
this torque in the partiular ase of MTJ. The paper is organized as follows. In setion
2, we give a reminder of the origin of spin transfer torque, and the way to alulate it.
In setion 3, the formulation of spin-dependent urrents and torques in non-equilibrium
Green funtion formalism (Keldysh formalism) is developed. Setion 4 presents the
results of the model and desribe the anatomy of spin torque in a magneti tunnel
juntion, underlying the role of tunnelling proess.
2. Current-indued torques
All along this paper, we onsider the s-d model in whih s-eletrons are itinerant and
d-eletrons are loalized and give rise to the loal magnetization of the ferromagnet. We
also assume that the d loal moments remain stationnary. This model applies to the
eletron strutures of ferromagneti eletrodes whose ompositions lie on the negative
slope side of the Slater-Néel-Pauling urve [34℄ (Ni, Co, NiFe, CoFe). No spin ip is taken
into aount. In a magneti tunnel juntion omposed of two semi-innite ferromagnets
separated by a tunnel barrier (see Fig. 1), majority spins and minority spins refer to the
eletron spin projetion in the left ferromagnet respetively parallel or antiparallel to the
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loal magnetization. In this framework, the motion of s-like eletrons in a ferromagnet
is represented by the non-relativisti Hamiltonian inluding s-d oupling:
H =
p2
2m
+ U(r) + Jsd
(−→σ .−→S d) (1)
where the rst and seond terms are the kineti and potential energies, the third term
is the s-d exhange energy,
−→
S d being a unit vetor ollinear to the loal magnetization
due to the loalized d-eletrons, Jsd the s-d exhange onstant and
−→σ is the vetor of
Pauli matries in spin spae. After some algebra [12, 35℄, it is possible to derive the
equation of ontinuity of the spin density :
d
dt
−→s (r, t) = ~
2
{ d
dt
Ψ∗−→σ Ψ+Ψ∗−→σ d
dt
Ψ} (2)
where Ψ =
(
Ψ↑,Ψ↓
)
is an arbitrary 2-dimension Hartree-Fok wavefuntion. The two
dimensions refer to majority (↑)and minority (↓) spin projetions of the Hartree-Fok
wavefuntion. Here,
−→s (r, t) refers to the loal spin density (namely the loal out-of-
equilibrium magnetization due to the itinerant polarized eletrons):
−→s (r, t) = Ψ∗ (r, t) ~
2
−→σ Ψ (r, t) (3)
Dening
J
s = − ~
2
2m
ℑ{Ψ∗ (r, t)−→σ ⊗∇rΨ (r, t)} (4)
where J
s
refers to the spin-urrent density, we obtain, in steady states:
∇rJ s (r, t) = 2Jsd
~
−→
Sd ×−→s (r, t) (5)
Eq. 5 implies that the spatial transfer of spin momentum from the itinerant s-
eletrons to the loalized d-eletrons (left-hand side of Eq. 5) is equivalent to a torque
exerted by the transverse spin density on the loal magnetization (right-hand side of
Eq. 5). This equivalene has been demonstrated by Kalitsov et al. [27℄ in magneti
tunnel juntions using Keldysh formalism and TB desription.
In the following, we alulate spin transfer torque from the torque exerted by the
transverse spin density on the loal magnetization. The spirit of our alulation is
depited in the top panel of Fig. 1. The out-of-equilibrium magneti tunnel juntion
is modelled by a "ondutor" (in the sense that the tunnel barrier is not innite)
linking two magneti reservoirs (FL and FR) with non ollinear magnetizations and with
dierent hemial potentials µL and µR [36℄ (µL > µR). A bias voltage V = (µL−µR)/e
is applied aross this "ondutor". One should onsider all eletrons with majority
spins (solid arrows) and minority spins (dotted arrows), originated from left (rightward
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Figure 1. Shematis of the magneti tunnel juntion with non ollinear
magnetizations orientation. Top panel: spin-dependent out-of-equilibrium transport
in a ondutor linking two reservoirs FL and FR (whose eletrohemial potentials
are respetively µL and µR) with non ollinear magnetizations orientations. The solid
arrows represent the majority spins and the dotted arrows represent the minority
spins. Middle panel: MTJ with non ollinear magnetization orientations. Bottom
panel: Corresponding energy prole of the MTJ. In free-eletron approximation, the
loal density of states are paraboli for majority (solid line) and minority (dotted
line) eletrons with a splitting between the two spin subbands equals to the exhange
interation Jsd.
arrows) and right eletrodes (leftward arrows). In low bias limit (µL ≈ µR), the harge
transport an be approximately determined by the eletrons originated only from the
left eletrode at the Fermi energy.
In our ase (middle panel of Fig. 1), the magneti tunnel juntion is omposed
of two ferromagneti layers, FL and FR (made of the same material, for simpliity),
respetively onneted to the left and right reservoirs and separated by an amorphous
tunnel barrier. The x-axis is perpendiular to the plane of the layers and the
magnetization of FL is oriented following z:
−→
ML = ML−→z . The magnetization −→MR of FR
is in the (x,z) plane and tilted from
−→
ML by an angle θ. In this onguration, the spin
density in a ferromagneti layer possesses three omponents :
−→m = (mx, my, mz). In FL
(we obtain the same results onsidering FR), the transverse omponents aremx =< σ
x >
and my =< σ
y >, where σi are the Pauli spin matries and <> denotes averaging
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over orbital states and spin states, i.e. averaging over eletrons energy E, transverse
momentum
−→κ and spin states. Thus, the transverse spin density exerts a torque −→T on
the bakground magnetization
−→
ML following two axes:
−→
T =
Jsd
µB
−→
ML ×−→m = Jsd
µB
[
mx
−→
ML ×−→MR −my−→ML ×
(−→
ML ×−→MR
)]
(6)
One should introdue the previous formula in the usual Landau-Lifshitz-Gilbert equation
to desribe the modied dynamis of the magnetization
−→
ML:
d
−→
ML
dt
= α
−→
ML × d
−→
ML
dt
− γ
(−→
ML ×−−→Heff +−→T
)
(7)
where α is the Gilbert damping, γ is the gyromagneti ratio and µB is the Bohr
magnetron. The two terms in the right hand side of Eq. 6 stand for two types of
torques: −my−→ML×
(−→
ML ×−→MR
)
is the usual STT term (also alled in-plane or parallel
torque[26℄) whereas mx
−→
ML×−→MR is the urrent-driven interlayer exhange oupling (also
alled eld-like torque, out-of-plane or perpendiular torque[26℄). The former vanishes
at zero bias, whereas the latter exists even without urrent [24, 26, 27℄. An explanation
of the physial nature and origin of these two terms will be given in setion 4. The
transverse spin density in the left layer is then given by < σ+ >=< σx + iσy > :
mx + imy =< σ
+ >=<
(
Ψ∗↑ Ψ∗↓
)( 0 2
0 0
)(
Ψ↑
Ψ↓
)
>= 2 < Ψ∗↑Ψ↓ > (8)
In other words, STT is given by the imaginary part of < σ+ >, while IEC is given
by its real part. One an understand the produt < Ψ∗↑Ψ↓ > as a orrelation
funtion between the two projetions of the spin of the impinging eletron. In ballisti
regime, an eletron impinging on a ferromagnet with a spin polarization tilted from the
bakground magnetization will preess around this magnetization [10, 27℄. Loally, its
two projetions ↑ and ↓ following the quantization axis (dened by the bakground
magnetization) will be non-zero. Then, the eletron will ontribute loally to the
transverse spin density mx and my. If the eletron spin is fully polarized parallel or
antiparallel to this magnetization, no preession will our and its ontribution to the
transverse spin density will be zero.
We remind that we dened majority (minority) states as the spin projetion parallel
(antiparallel) to the magnetization of the left eletrode. Then, < Ψ∗↑Ψ↓ > will be the
fration of eletrons whose spin is following x (real part) and y (imaginary part) in spin
spae.
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3. Formulation of urrents and torques
3.1. Keldysh Green funtions
As explained previously, in Keldysh out-of-equilibrium formalism [33, 36℄, any physial
quantity should be alulated onsidering the ontribution of the eletrons originated
from the left reservoir and from the right reservoir (top panel of Fig. 1). Then, an
out-of-equilibrium Green funtion G(r, t, r′, t′) (or Keldysh Green funtion) is dened
as a superposition of these two ontributions:
G (r, t, r′, t′) = fLΨL (r, t)Ψ∗L (r
′, t′) + fRΨR (r, t) Ψ∗R (r
′, t′) (9)
where ΨL(R) (r, t) are the eletron wavefuntions originated from the left (right) reservoir
at the loation r and time t and fL(R) are the Fermi distribution funtions in the left
and right reservoirs.
Thus, the Shrödinger equation of the magneti tunnel juntion is:
HΨ =
(
p2
2m
+ U + Jsd
(−→σ .−→Sd)
)(
Ψ↑
Ψ↓
)
= E
(
Ψ↑
Ψ↓
)
(10)
where
−→σ the vetor in Pauli matries spae : −→σ = (σx, σy, σz)T , E is the eletron energy,
U is the spin-independent potential along the juntion:
Jsd
(−→σ .−→Sd) = Jsdσz and U = EF for x < x1
Jsd
(−→σ .−→Sd) = 0 and U(x) = U0 − x− x1
x2 − x1 eV for x1 < x < x2
Jsd
(−→σ .−→Sd) = Jsd (σz cos θ + σx sin θ) and U = EF − eV for x > x2
We onsider that the potential drop ours essentially within the barrier and we
apply a low bias voltage ompared to the barrier height (V << U/e). This allows to use
WKB approximation to determine the wavefuntions inside the barrier. Furthermore,
the free eletron approximation implies paraboli dispersion laws whih also restrits
our study to low bias voltage.
To desribe the spin-dependent transport within the MTJ, we dene the
wavefuntions Ψ
σ′(σ)
i (r, ǫ), where ǫ = EF − E and E is the tunnelling eletron energy.
|Ψσ′(σ)i (r, ǫ)|2 is the probability that an eletron originated from eletrode i, at the
energy ǫ, initially in spin state σ, possesses a spin projetion σ′ at the loation r. For
example, an eletron initially in majority state, originated from FL, is desribed by six
wavefuntions along the struture:
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Ψ
↑(↑)
L =
1√
k1
eik1x + bLe
−ik1x
Ψ
↓(↑)
L = dLe
−ik2x
in the left eletrode FL (x < x1),
Ψ
↑(↑)
L =
a′LE(x1, x) + b
′
LE(x, x1)
q(x)
Ψ
↓(↑)
L =
c′LE(x1, x) + d
′
LE(x, x1)
q(x)
where E(xi, xj) = exp
(∫ xj
xi
q(x)dx
)
, in the tunnel barrier (x1 < x < x2),
Ψ
↑(↑)
L = a
′′
Le
ik3x + b′′Le
ik4x
Ψ
↓(↑)
L = c
′′
Le
ik3x + d′′Le
ik4x
in the right eletrode FR (x > x2). k1(2) and k3(4) are the wavevetors for majority
(minority) spin projetion in the left and right eletrodes, whereas q(x) is the spin-
independent wavevetor inside the tunnel barrier. Conneting the wavefuntions and
their derivatives at the interfaes, we obtain the 24 wavefuntions (two spin projetions
and two reservoirs). These wavefuntions are given in Appendix.
In the 2-dimensionnal Hartree-Fok representation, spin-dependent urrent and spin
density are dened using the out-of-equilibrium lesser Keldysh Green funtion:
G−+σσ′ (r, r
′) =
∫
dǫ
(
fL
[
Ψ
σ′(↑)∗
L (r
′)Ψσ(↑)L (r) + Ψ
σ′(↓)∗
L (r
′)Ψσ(↓)L (r)
]
+fR
[
Ψ
σ′(↑)∗
R (r
′)Ψσ(↑)R (r) + Ψ
σ′(↓)∗
R (r
′)Ψσ(↓)R (r)
])
(11)
where fL = f
0(ǫ) and fR = f
0(ǫ + eV ), and f 0(ǫ) is the Fermi distribution at
0 K. For onvenieny, we use the mixed-oordinate system (x,−→κ ), where −→κ is the
momentum parallel to the plane and x is the oordinate perpendiular to the plane.
With r = (x,−→ρ ), we get:
G−+σσ′ (r, r
′) =
a0
2
√
π
∫ 2√pi/a0
0
e
i
−→κ
 −→ρ −−→ρ′
!
G−+σσ′ (x, x
′)d−→κ (12)
where a0 is the lattie parameter of the eletrodes [37℄. Spin transfer torque (STT, T||)
and interlayer exhange oupling (IEC, T⊥) an now be determined from Eq. 8, whereas
Desription of urrent-driven torques in magneti tunnel juntions 9
spin-dependent eletrial urrent densities are alulated from the usual loal denition:
T⊥ + iT|| =
Jsd
µB
< σ+ >= 2
Jsd
µB
a30
(2π)2
∫ ∫
G−+↑↓ (x, x, ǫ)κdκdǫ (13)
mz =
Jsd
µB
a30
(2π)2
∫ ∫ [
G−+↑↑ (x, x, ǫ)−G−+↓↓ (x, x, ǫ)
]
κdκdǫ (14)
J↑(↓) =
~e
4πme
∫ ∫ [
∂
∂x
− ∂
∂x′
]
G−+↑↑(↓↓)(x, x
′, ǫ)|x=x′κdκdǫ (15)
J = J↑ + J↓ (16)
G−+↑↑ (x, x, ǫ) and G
−+
↓↓ (x, x, ǫ) are the energy-resolved loal density-of-states (LDOS) for
up- and down-spins respetively, whereas
∫
G−+↑↑ (x, x, ǫ)dǫ and
∫
G−+↓↓ (x, x, ǫ)dǫ give the
number of up- and down-eletrons at the loation x along the struture.
3.2. Calulation of spin transfer torque
As demonstrated in Eq. 5, it is possible to alulate spin transfer torque from the
divergeny of spin urrent density or from the spin density itself. We now demonstrate
that this relation holds in our model. Spin urrent densities and spin density are dened
as [10℄:
mx =
[
Ψ↓Ψ∗↑ +Ψ↑Ψ∗↓
]
(17)
my = −i
[
Ψ↓Ψ∗↑ −Ψ↑Ψ∗↓] (18)
Jsx = −
~
2
2m
ℑ{Ψ∗↑∂Ψ
↓
∂x
+Ψ∗↓
∂Ψ↑
∂x
} (19)
Jsy = −
~
2
2m
ℜ{Ψ∗↓∂Ψ
↑
∂x
−Ψ∗↑∂Ψ
↓
∂x
} (20)
We evaluate these quantities for eletrons originating from the left reservoir in the
left eletrode (x < x1). The equations are given in Appendix. The spin densities for
majority (↑) and minority (↓) eletrons are:
m↑x = 8q1q2(k3 − k4) sin θ
(
e−i(k1+k2)(x−x1) − r∗↑1 ei(k1−k2)(x−x1)
den
+ c.c.
)
(21)
m↓x = 8q1q2(k3 − k4) sin θ
(
e−i(k1+k2)(x−x1) − r∗↓1 e−i(k1−k2)(x−x1)
den
+ c.c.
)
(22)
m↑y = −8iq1q2(k3 − k4) sin θ
(
e−i(k1+k2)(x−x1) − r∗↑1 ei(k1−k2)(x−x1)
den
− c.c.
)
(23)
m↓y = −8iq1q2(k3 − k4) sin θ
(
e−i(k1+k2)(x−x1) − r∗↓1 e−i(k1−k2)(x−x1)
den
− c.c.
)
(24)
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Finally we obtain:
mx = m
↑
x +m
↓
x = 8q1q2(k3 − k4) sin θ (25)
×
(
2
[
e−i(k1+k2)(x−x1)
den
+ c.c.
]
−
([
r∗↑1
den
+
r↓1
den∗
]
ei(k1−k2)(x−x1) + c.c.
))
my = m
↑
y +m
↓
y = − 8iq1q2(k3 − k4) sin θ
([
r↑1
den∗
+
r∗↓1
den
]
e−i(k1−k2)(x−x1) − c.c.
)
(26)
By the same way, we evaluate the spin urrent density for majority and minority
spins:
Js↑x = −8q1q2
~
2
2m
(k3 − k4) sin θ
(
−ik2 e
−i(k1+k2)(x−x1)
den
+ ik2
r∗↑1 e
i(k1−k2)(x−x1)
den
+ik1
ei(k1+k2)(x−x1)
den∗
+ ik1
r↑1e
−i(k1−k2)(x−x1)
den∗
)
(27)
Js↓x = −8q1q2
~
2
2m
(k3 − k4) sin θ
(
ik2
ei(k1+k2)(x−x1)
den∗
+ ik2
r↓1e
i(k1−k2)(x−x1)
den∗
−ik1 e
−i(k1+k2)(x−x1)
den
+ ik1
r∗↓1 e
−i(k1−k2)(x−x1)
den
)
(28)
Js↑y = −8q1q2
~
2
2m
(k3 − k4) sin θ
(
ik2
e−i(k1+k2)(x−x1)
den
− ik2 r
∗↑
1 e
i(k1−k2)(x−x1)
den
+ik1
ei(k1+k2)(x−x1)
den∗
+ ik1
r↑1e
−i(k1−k2)(x−x1)
den∗
)
(29)
Js↓y = −8q1q2
~
2
2m
(k3 − k4) sin θ
(
−ik2 e
i(k1+k2)(x−x1)
den∗
− ik2 r
↓
1e
i(k1−k2)(x−x1)
den∗
−ik1 e
−i(k1+k2)(x−x1)
den
+ ik1
r∗↓1 e
−i(k1−k2)(x−x1)
den
)
(30)
Taking the imaginary (and real) part of the right-hand-side of the above equations,
we obtain, similarly to Eqs. 25 and 26:
Jsx = −8q1q2
~
2
2m
(k3 − k4)(k1 + k2)
2
sin θ
([
r∗↑1
den
+
r↓1
den∗
]
ei(k1−k2)(x−x1) + c.c.
)
(31)
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Jsy = −i8q1q2
~
2
2m
(k3 − k4) sin θ
([
ei(k1+k2)(x−x1)
den∗
− c.c.
]
(k1 − k2)
−(k1 + k2)
2
([
r∗↑1
den
+
r↓1
den∗
]
ei(k1−k2)(x−x1) − c.c.
))
(32)
The divergeny then gives:
∂Jsx
∂x
= −8iq1q2 ~
2
2m
(k3−k4) sin θk
2
1 − k22
2
([
r∗↑1
den
+
r↓1
den∗
]
ei(k1−k2)(x−x1) − c.c.
)
(33)
∂Jsy
∂x
= 8q1q2
~
2
2m
(k3 − k4) sin θk
2
1 − k22
2
(
2
[
e−i(k1+k2)(x−x1)
den∗
+ c.c.
]
−
([
r∗↑1
den
+
r↓1
den∗
]
ei(k1−k2)(x−x1) + c.c.
))
(34)
Setting Jsd =
~
2
2m
k2
1
−k2
2
2
, Eqs. 25, 26, 33 and 34 give the following relation:
∂Jsx
∂x
= −Jsdmy
∂Jsy
∂x
= Jsdmx
⇒ ∇Js = JsdM×m (35)
Then, the relation 5 an be derived analytially in the free eletron approah. This
relation does not depend on the partiular desription adopted (Tight-binding or free
eletron approximation) but emerges from the denition of the onsidered Hamiltonian
itself.
4. Results and disussion
To illustrate the above alulation, we use material parameters adapted to the ase
of Co/Al2O3/Co struture: the Fermi wavevetors for majority and minority spins
are respetively k↑F = 1.1 Å
−1
, k↓F = 0.6 Å
−1
, the barrier height is U − EF = 1.6
eV, the eetive eletron mass within the insulator is meff=0.4 [38℄ and the barrier
thikness is d=0.6 nm. These parameters have been hoosen to t the experimental I-V
harateristis of the magneti tunnel juntions studied in Ref. [31℄. In all this setion,
the magnetizations form an angle θ=90◦ between them. We will justify this hoie in
the following.
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4.1. Anatomy of spin transport
Although spin-dependent tunnelling is a well known proess, the desription we give
here is of great importane to understand the spei harateristis of spin transfer
torques in tunnelling transport. In this part, we will onsider the linear approximation
in whih the bias voltage Vb is low enough so that the urrent is due to Fermi eletrons
injeted from the left eletrode. When the eletrodes magnetizations are non ollinear,
the eletrons are no more desribed as pure spin states, but as a mixing between majority
and minority states. For example, let us onsider one eletron from the left reservoir,
initially in majority spin state, impinging on the right eletrode (see Fig. 2 - step 1).
The rst reetion (step 2) at the FL/I interfae do not introdue any mixing sine
the insulator is non magneti. However, when (the transmitted part of) this eletron is
reeted or transmitted by the seond interfae I/FR (step 3), the resulting state in the
right eletrode is a mixing between majority and minority states sine the quantization
axis in the right eletrode is dierent from the quantization axis in the left eletrode.
Then, the transmitted spin is reoriented and preesses (step 4) around the magnetization
of the right eletrode. Furthermore, the reeted eletron (step 5) is also in a mixed
spin state and preesses around the left eletrode magnetization. In other words, after
transport through the barrier, the eletron spin is reeted/transmitted with an angle.
This reorientation gives rise to spin transfer torque.
Note that there is not reason why the eletron spin should remain in the plane of
the eletrodes magnetizations. We will see that after the reorientation, the eletron spin
possesses three omponents in spin spae (and so two transverse omponents).
4.1.1. Tunnelling transport We are rst interested in the spin-dependent reetivity
Rσ(σ
′)
and transmittivity T σ(σ
′)
for eletrons at the Fermi energy from the left eletrode.
Let us onsider an eletron initially in majority spin state (↑). Its wavefuntion will be
desribed by a plane wave in the left eletrode :
eik1(x−x1)√
k1
The mixing between majority and minority spin states an be expressed through
mixing reetivities R↑↑ and R↓↑ and transmitivities T ↑↑ et T ↑↓, so that:
R↑↑ +R↓↑ + T ↑↑ + T ↓↑ = 1
where:
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FL FR
1
2
3 4
5
Tunnel Barrier (I)
Figure 2. Shematis of the priniple of spin transport in a magneti trilayer with non
ollinear eletrodes magnetizations. Step 1: the eletron spin is polarized along the
magnetization of the left eletrode. Step 2: After the rst reetion/transmission by
FL/I interfae the reeted and transmitted parts remain in a pure spin state. Step
3: The reetion/transmission by the seond interfae I/FR reorientes the eletron
spin. Step 4 and 5: The transmitted and reeted spins preess around the loal
magnetization.
R↑↑ = |r↑1|2 (36)
R↓↑ = 16|q1q2(k3 − k4)
m2effden
sin θ|2 (37)
T ↑↑ = |Ψ↑(↑)L
dΨ
∗↑(↑)
L
dx
−Ψ∗↑(↑)L
dΨ
↑(↑)
L
dx
| (38)
T ↓↑ = |Ψ↓(↑)L
dΨ
∗↓(↑)
L
dx
−Ψ∗↓(↑)L
dΨ
↓(↑)
L
dx
| (39)
Ψ
σ(σ′)
L is evaluated in the right eletrode and given in Appendix. By the same
way, we an dene the transmittivity and reetivity of an eletron initially in minority
spin state. Fig. 3 displays the κ-dependene of R and T (we omit the supersripts for
simpliity), where κ is the wavevetor omponent in the plane of the layers.
More than 97% of the majority and minority spins are reeted onserving
their spin projetion, whereas less than 3% are transmitted without spin ip. This
reetivity (transmittivity) reahes a minimum (maximum) at perpendiular inidene
and inreases (dereases) quikly with κ. Note that T ↑↓ and T ↓↑ are equal due to
the partiular onguration of the eletrodes magnetizations (θ=90◦). Thus, after
interation with the barrier, only a very small part of the spin is ipped (the ipped
spins have to tunnel through the barrier twie) : less than 2.7× 10−3% of the reeted
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Figure 3. Reetivity (top panel) and transmittivity (bottom panel) as a funtion of κ.
The solid and dotted lines represent the spin onserving reetivity and transmittivity
for initially majority and minority spins respetively (left axes); the dashed and dotted-
dashed lines represent the mixing reetivity and transmittivity for initially majority
and minority spins respetively (right axes). The applied bias voltage is Vb = 0.1 V
and θ=90◦.
wave has ipped its initial spin. 1.6×10−3% of the eletron spins initially in minority
states reverses its spin during reetion.
Thus only a very small part of the injeted polarized wave is ipped during the
tunneling proess. However, this does not mean that spin transfer torque is small in
MTJ; as a matter of fat, only oherent mixing states will ontribute to transverse spin
density, generating spin transfer torque.
Finally, we note that only eletrons lose to the perpendiular inidene ontribute
signiantly to the urrent. This has important onsequenes on the impat of quantum
interferenes on spin transfer.
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4.1.2. Spin density and spin transfer torque In the linear regime under onsideration,
the three omponents of spin density in the left eletrode an be desribed as follows:
m↑+L = Ψ
↑(↑)
L Ψ
∗↓(↑)
L =
8q1q2(k3 − k4) sin θ
m2effden
∗
(
ei(k1+k2)(x−x1) − r↑1e−i(k1−k2)(x−x1)
)
(40)
m↓+L = Ψ
↑(↓)
L Ψ
∗↓(↓)
L =
8q1q2(k3 − k4) sin θ
m2effden
(
e−i(k1+k2)(x−x1) − r↓∗1 e−i(k1−k2)(x−x1)
)
(41)
m↑zL = Ψ
↑(↑)
L Ψ
∗↑(↑)
L −Ψ↓(↑)L Ψ∗↓(↑)L (42)
=
(1 + |r↑1|2)
k1
−
∣∣∣∣∣8q1q2
√
k1(k3 − k4) sin θ
m2effden
∣∣∣∣∣
2
− 1
k1
(
r∗↑1 e
2ik1(x−x1) + r↑1e
−2ik1(x−x1)
)
m↓zL = Ψ
↑(↓)
L Ψ
∗↓(↑)
L −Ψ↓(↓)L Ψ∗↓(↓)L (43)
= − (1 + |r
↓
1|2)
k2
+
∣∣∣∣∣8q1q2
√
k2(k3 − k4) sin θ
m2effden
∣∣∣∣∣
2
+
1
k2
(
r∗↓1 e
2ik2(x−x1) + r↓1e
−2ik2(x−x1)
)
Observing m
↑(↓)
+L in Eq. 40, one an distinguish two omponents: the rst one
is proportional to e±i(k1+k2)(x−x1), and due to the interferene between the inident
wave with majority (resp. minority) spin and the reeted wave with minority (resp.
majority) spin; the seond one is proportional to e−i(k1−k2)(x−x1) and due to the
interferene between the reeted waves with majority and minority spins. We note
that the rst omponents of m↑+L and m
↓
+L are omplex onjugated so that their sum
is real. Then, the interferene between the inident wave with majority spin and the
reeted wave with minority spin does not ontribute to STT but only to IEC. STT is
then generated by the oherent interferenes between reeted eletrons with opposite
spin projetion (∝ e−i(k1−k2)(x−x1)).
Conerning mzL, it is omposed of one omponent proportionnal to e
2ik1(x−x1)
, one
omponent proportionnal to e2ik2(x−x1) and one onstant as a funtion of x. The two
formers are due to the interferene between wavefuntions in the same spin projetion
but with opposite propagation diretion while the latter is due to interferene between
wavefuntions in the same spin projetion and the same propagation diretion.
Fig. 4 displays the details of the spin density omponents mx, my et mz (desribed
in Eq. 40) in the left eletrode as a funtion of x, when Vb = 0.1 V. mx possesses a quite
omplex behaviour with two periods of osillation (the dashed lines show the enveloppe
of the urve), whereas my is redued to a single osillation (The osillation period k1+k2
vanishes when suming the ontribution of majority and minority spins); mz osillates
around mean values represented by horizontal dashed lines.
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Figure 4. Projetions of spin density due to Fermi eletrons in perpendiular inidene
from the left eletrode, as a funtion of the distane from the interfae. Top panel:
mx omponent of spin density (solid line); the dashed lines are the enveloppes of the
urve. Middle panel: my omponent of spin density. Bottom panel: mz omponent
of spin density due to initially majority (solid line) and minority (dotted line) spin
projetion; the dashed lines are the mean values of the osillations. The applied bias
voltage is Vb = 0.1 V. The vertial line on the right is the interfae between the left
eletrode and the tunnel barrier.
Note that the onservative part of IEC is only proprotionnal to e−i(k1+k2)(x−x1). But
at non zero bias, the dissipative part of IEC is proportionnal to both e−i(k1+k2)(x−x1) and
e−i(k1−k2)(x−x1). Then, at non zero bias, the eletrons will not preess irularly around
the bakground magnetization, but will present a more omplex struture.
Following the previous disussion about spin reorientation (see Fig. 2), it is possible
to dedue the angles at whih the eletron spin is reeted by the barrier. We dene
the azimuthal angle azimuthal η and the polar angle φ as indiated in the insert of Fig.
5:
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η = arctan
mcy
mcx
(44)
φ = arccos
mcz√
mc2x +m
c2
y +m
c2
z
(45)
In denition of the vetor
−→mc, we only onsidered the oherent interferenes between
plane wave propagating in opposite diretion (∝ e±i(k1−k2) and onstant omponent
of mz), as disussed above. Fig. 5 shows the κ-dependene of these angles at the
interfae FL/I (x=-3 Å) for an eletron spin initially in majority state and for dierent
barrier thiknesses (top panel) and heights (bottom panel). The azimuthal angle η varies
between -64
◦
to +77
◦
while the polar angle φ remains very small (less than 0.2◦), whih
means that the eletron spin stays very lose to the quantization axis, as disussed above.
At κ = 0.6 Å−1 (orresponding to k↓F ), η = 0 whih indiates that the eetive spin
density lies in the plane of the magnetizations
(−→
ML,
−→
MR
)
. Finally, the polar angle does
not vary with the distane, whih means that the reeted eletron spin preesses around
Oz with a small angle φ. A "Bulk" spin transfer only ours under the interferenes of
all the reeted eletrons.
The strong dependene of η as a funtion of the in-plane wavevetor κ, together
with the dominant ontribution of nearly perpendiularly inident eletrons (see Fig. 3),
implies that the eetive eletron spin, resulting from the averaging over all the inident
eletrons, possesses an important out-of-plane omponent. In other words, the eet of
the spin-dependent tunneling is to strongly enhane the dissipative IEC omponent of
the spin torque, ompared to metalli spin valves. As a matter of fat, in SV the whole
Fermi surfae ontributes to the spin transport so that the eetive angle η is very small
[10℄: the dissipative IEC is thus negligible.
Note that inreasing the thikness of the barrier only weak inuene on η and
strongly dereases the amplitude of φ (the mixing reetion dereases sine the barrier
thikness inreases, then reduing the transverse spin density). Furthermore, when
inreasing the barrier height, both amplitudes of the angles φ and η dereases near the
perpendiular inidene. These results are onsistent with the redution of spin mixing
when dereasing the barrier transmittivity.
Fig. 6 shows the dependene of the angles as a funtion of the s-d exhange
onstant Jsd for perpendiular inidene κ = 0. Quite intuitively, the preession angle
φ inreases with Jsd whereas the initial azimuthal angle η dereases in absolute value
with Jsd. The spin-ltering eet (the seletion between majority and minority spin
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Figure 5. κ-dependene of the reetion angles for an eletron spin at Fermi energy,
initially in majority spin state. Top panel: the barrier thikness is set to d=0.6 nm
(solid line), d=0.8 nm (dashed line) and d=1 nm (dotted line); U−EF=1.6 eV. Bottom
panel: the barrier height is set to U − EF=1.6 eV (solid line), U − EF=2 eV (dashed
line) and U −EF=3 eV (dotted line); d=0.6 nm. Insert: Denition of the angles φ and
η. The applied bias voltage is Vb = 0.1 V and θ=90
◦
.
during the reetion proess) inreases with Jsd so that −→mc gets loser to the plane of
the magnetizations.
4.2. Spin Transfer Torques
We now take into aount all the eletrons in the alulations (from the left and the
right eletrodes). Fig. 7 shows STT and IEC as a funtion of the angle θ between
the eletrodes magnetizations, at Vb = 0 and Vb = 0.1 V. It learly appears that
IEC and STT are proportionnal to sin θ (the deviation from sin θ is minor than 10−4).
This dependene is strongly dierent from what was predited in metalli spin valves
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Figure 6. Reetion angles as a funtion of the s-d exhange onstant, for a Fermi
eletron initially in majority spin state. The parameters are the same as in Fig. 5.
[11, 12, 39℄ and has been attributed [25℄ to the single-eletron nature of tunneling.
As a matter of fat, beause of the important height of the tunnel barrier, all the
potential drop ours inside the insulator and spin aumulation (i.e. the feedbak of
the urrent-indued longitudinal spin density on the spin urrent) is negligible. In this
ase, the angular dependene of torque is determined by the angular dependene of the
transmition matrix, as disussed in Ref. [25℄ and yields a sine shape. In the following,
we will estimate the spin density for θ = π/2.
Note that, at zero bias, interlayer exhange oupling is still non-zero, ontrary to
spin transfer torque. The onservative part of IEC (IEC at zero bias) omes from the
ontribution of eletrons loated under the Fermi level. At zero bias, the urrents from
left and right eletrodes are equal, but the eletron propagation still orresponds to the
sheme shown in Fig. 2: the mixing between majority and minority states indues a
transverse omponent in the spin density.
Fig. 8 displays the two omponents of transverse spin density as a funtion of
the loation in the left eletrode. The interferene proess between polarized eletrons
yields a damped osillation of IEC as presented in Fig. 8(a). We an distinguish two
periods of osillation T1 = 2π/
(
k↑F − k↓F
)
and T2 = 2π/
(
k↑F + k
↓
F
)
whereas at zero bias,
only T2 appears (see inset of Fig. 8(a)). This an be easily understood by onsidering
eletrons from left and right eletrodes. Transverse spin density in the left eletrode due
to eletrons from the right eletrode is:
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Figure 7. Angular dependene of spin transfer (grey) and interlayer exhange oupling
(blak): onservative part (at zero bias - solid lines) and dissipative parts (bias
dependent part - dashed lines). The dissipative parts are alulated at Vb = 0.1 V.
m↑+R = Ψ
↑(↑)
R Ψ
∗↓(↑)
R (46)
=
∣∣∣∣∣ 8
√
q1q2
m2effden
∣∣∣∣∣
2
sin θ
2
k3Ψ(q1, k2, q2, k4)Ψ
∗(q1, k1, q2, k4)e−i(k1−k2)(x−x1) (47)
m↓+R = Ψ
↑(↓)
R Ψ
∗↓(↓)
R (48)
=
∣∣∣∣∣ 8
√
q1q2
m2effden
∣∣∣∣∣
2
sin θ
2
k4Ψ(q1, k2, q2, k3)Ψ
∗(q1, k1, q2, k3)e−i(k1−k2)(x−x1) (49)
It is now possible to show that in the general expression of transverse spin density
m+ = m
↑
+L +m
↓
+L +m
↑
+R +m
↓
+R
the terms proportional to e−i(k1−k2)(x−x1) vanish at zero bias and m+ redues to terms
proportional to e±i(k1+k2)(x−x1). Furthermore, these last terms only give a real omponent
sine, as disussed above, the majority and minority omponents of my ompensate
eah other. Consequently, at zero bias, only the onservative part of interlayer exhange
oupling exists, due to the interferene between inident and reeted eletrons with
opposite spin projetion. But when the bias voltage is non zero, the transport beomes
asymetri and the terms proportional to e−i(k1−k2)(x−x1) do not ompensate eah other
anymore and lead to two periods of osillations as shown in Fig. 8(a).
Spin transfer torque, proportional to my, only exits at non zero bias and possesses
only one period of osillation T1 (see Fig. 8(b)). It is worthy to note that the transverse
omponents of spin density is damped by 50% within the rst nanometers, and that
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Figure 8. Total spin density as a funtion of the loation in the left eletrode: a)
Current-indued interlayer exhange oupling - inset: Interlayer exhange oupling at
zero bias voltage; b) Spin transfer torque. These quantities are alulated at Vb = 0.1
V.
the amplitude of IEC is of the same order than STT. This deay lenght is very large
ompared to previous theoretial preditions [10, 39℄ and experimental investigations on
SV [40℄. As a matter of fat, the ballisti assumption holds for distane smaller than the
mean free path (≈ 5 nm in Co). In realisti devies, spin diusion should inrease the
deay of STT and IEC. Another soure of this dierene ompared to metalli SV is the
fat that we onsider perfet interfaes and no defaults in the barrier. First priniple
studies of realisti Co/Cu interfaes [41℄ showed that the mismath of the eletroni
struture at the interfae strongly redues the transverse omponent of spin density. In
MTJ, the non spherial nature of the spin-dependent Fermi surfae [42, 43℄ should also
dramatially alter the transverse spin density. This ould also explain the fat that the
amplitude of spin torque is two orders of magnitude higher than in experiments.
Another harateristi spei to MTJ is that in our alulation we nd that
dissipative IEC is of the same order of magnitude than STT. This is oherent with
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Figure 9. Out-of-equilibrium longitudinal spin density along the magneti tunnel
juntion for majority (solid line) and minority (dotted line) eletron spin projetions.
The bias voltage is Vb = 0.1 V.
the theoretial results of Theodonnis et al. [26℄ as well as with the experimental studies
of Petit et al. [31℄. This an be attributed to the high κ-seletion due to the tunneling
transport. We previously found that the ontribution to torque strongly derease with κ
(see Figs. 3 and 5) so that only eletrons with small κ strongly ontribute to spin torque.
In this ase, the averaging of torques (and speially IEC) will be less destrutive
than in metalli spin valves where all the Fermi surfae is involved in the quantum
interferenes.
Finally, Fig. 9 shows the out-of-equilibrium longitudinal spin density ∆n dened
as ∆n↑(↓) = n↑(↓)(Vb = 0.1)− n↑(↓)(Vb = 0). ∆n osillates and asymptotially reahes a
non zero value. This means that when the bias voltage is turned on, a non equilibrium
spin aumulation builds up. However, this eetive spin aumulation is very small
(∆n↑ −∆n↓ ≈ 10−7 eletron/atom) and annot inuene spin urrent building. Then,
negleting the role of longitudinal spin aumulation (spin density) in MTJ is justied.
4.3. Bias dependene
The bias dependene of STT and IEC in MTJ also presents strong dierenes with SV.
We rst alulate the total spin torque exerted on the left eletrode. Following the
denition of Ref. [1℄ and Ref. [26℄, the total torque is:
−→
T total =
∫ −∞
x1
−∇J sdx = J s(x1) (50)
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Figure 10. Bias dependene of interlayer exhange oupling (a) and spin transfer
torque (b) for dierent values of s-d oupling: Jsd = 0.38 eV (open irles), Jsd = 0.76
eV (lled irles), Jsd = 1.62 eV (open squares), Jsd = 2.29 eV (open triangles),
Jsd = 2.97 eV (lled squares). Top inset: Bias dependene of STT for Jsd = 1.62 eV;
the solid line was alulated following the usual way and the symbols were alulated
using Eq. 51.
Fig. 10 displays the total interlayer exhange oupling (a) and spin transfer torque
(b) as a funtion of the applied bias voltage, for dierent values of the s-d exhange
parameter Jsd. Our results are onsistent with Theodonnis et al. [26℄. The dissipative
IEC is quadrati whereas STT is a ombination between linear and quadrati bias
dependene. In Ref. [26℄, the authors proposed a general formula, derived from
Slonzewski iruit theory [39℄, linking total spin transfer torque with interfaial spin
urrent densities [26℄:
T|| =
JsAP − JsP
2
(51)
where JsAP (P ) are interfaial spin urrent densities when the eletrodes
magnetizations are antiparallel and parallel respetively (see the denition in Ref. [26℄).
The authors laimed that this relation should hold for any eletroni struture, so any
transport desription. As a matter of fat, the top inset of Fig. 10(b) shows STT
alulated using Eq. 50 (solid line) and Eq. 51 (symbols). It shows very good agreement
between the two members of Eq. 51.
Experimental studies by Cornell's group [32, 44℄ demonstrated a linear variation of
spin transfer torque as a funtion of the applied bias voltage. This linear variation is also
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Figure 11. Bias dependene of interlayer exhange oupling (a) and spin transfer
torque (b) for Jsd = 1.62 eV and dierent values integration depth: t = 0 Å(open
squares), t = 4 Å(lled triangles), t = 10 Å(lled irles), t =∞ Å(open irles).
usually assumed in interpreting exitations studies [30, 31℄. Moreover, the very reent
artile of Sankey et al. [32℄ seems to onrm the fat that the dissipative exhange
oupling is quadrati as a funtion of the bias voltage. Finally, note that a hange of
sign of spin transfer torque at high positive bias voltage is expeted, onsistently with
Ref. [26℄. The STT hange of sign should be observed in MTJ with low enough barrier
height and high breakdown voltage (MgO seems a good andidate). Nevertheless, more
tehnologial development is needed to fabriate suh juntions.
Eq. 50 assumes that all the transverse spin density has been absorbed in the free
layer. However, in very thin free layer, one an expeted that transverse spin density is
not fully absorbed when leaving the free layer. In this ase, one should onsider that the
free layer is nite. Fig. 11 displays the bias dependene of IEC and STT for dierent
integration depths t (namely, dierent layer thiknesses):
−→
T partial =
∫ x1−t
x1
−∇J sdx = J s(x1)− J s(x1 − t) (52)
The dependene an hange drastially and IEC an even hange its sign (note that
STT keeps its general shape). These dependenes are strongly aeted by the tunnel
barrier harateristis and one should to be areful in the analysis of bias dependene.
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4.4. From weak ferromagneti to half-metalli tunnel juntion
To onlude this artile, we study the dependene of the total spin transfer torque and
interlayer exhange oupling as a funtion of the energy of the bottom of the minority
eletrons ondution band ǫ↓, as indiated in Fig. 11. This energy is dened from the
Fermi energy as:
ǫ↓ = EF −E↓c = −
~
2k↓2F
2m
(53)
where E↓c is the absolute energy of the bottom of the ondution band. In the present
study, we vary ǫ↓, keeping ǫ↑ and EF onstant. When ǫ↓ is lose to ǫ↑, k
↑
F ≈ k↓F , the
metalli eletrodes loose their ferromagneti nature. For ǫ↓ ≈ 0, the Fermi wavevetor
for minority eletrons beomes smaller and the urrent polarization is strongly enhaned.
In this ase, we expet an important spin transfer torque. When ǫ↓ > 0, k↓F beomes
imaginary and the eletrodes behave like a tunnel barrier for minority spins. Inreasing
ǫ↓ inreases the evanesent deay of minority wavefuntions in the eletrodes. Then, the
produt < Ψ∗↑Ψ↓ > still exists so that spin torque is non zero and derease exponentially
from the interfae.
Fig. 12 shows the amplitude of total STT and urrent-indued IEC in the
three dierent regimes: weak ferromagneti eletrodes (WFM), strong ferromagneti
eletrodes (SFM) and half-metalli eletrodes (HM). As expeted, in ferromagneti
regime, STT and dissipative IEC inrease until ǫ↓ = 0 (vertial line). When ǫ↓ beomes
positive, the bottom of the ondution band of minority eletrons lies above the Fermi
level: no minority eletrons an propagate beause only evanesent states exist near the
interfaes for this spin projetion. However, STT and dissipative IEC do not vanish but
reah a plateau whih slowly dereases to zero when inreasing Jsd (not shown).
To understand this behaviour, we alulated the spatial dependene of the
transverse spin density in the free layer. Fig. 13 shows the transverse spin density in a
usual ferromagnet, ǫ↓ = −1.37 eV (whih orresponds to Jsd = 1.62 eV), as a funtion of
the distane from the interfae in the left eletrode. The osillation possesses the same
haraterisis than disussed above and we observe that the transverse spin density is
damped far from the interfae. When dereasing ǫ↓, the interfaial spin density inreases,
due to strong spin ltering at the interfae (strong spin-dependent seletion), as shown
on Fig. 14.
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Figure 13. Transfer spin density (blak line) as a funtion of the distane in the left
ferromagneti eletrode in a usual ferromagneti regime. We set ǫ↓ = −1.37 eV and
Vb = 0.1 V.
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Figure 14. Transfer spin density (blak line) as a funtion of the distane in the left
ferromagneti eletrode in a strong ferromagneti regime. We set ǫ↓ = −0.38 eV and
Vb = 0.1 V.
But when ǫ↓ hanges its sign, only majority eletrons an propagate and the
transverse spin density is (see Eqs. 21-24):
m↑x = 16q1q2 sin θ ℜ{(k3 − k4)
(
e−i(k1+k2)(x−x1) − r∗↑1 ei(k1−k2)(x−x1)
den
)
} (54)
m↑y = −16q1q2 sin θ ℑ{(k3 − k4)
(
e−i(k1+k2)(x−x1) − r∗↑1 ei(k1−k2)(x−x1)
den
)
} (55)
Considering Fermi eletrons at perpendiular indidene, very small bias voltage
(eV ≈ 0) and imaginary minority eletron spin wavevetor, k2(4) = ik, we obtain
straightforwardly:
m↑x = 16q1q2e
k(x−x1) sin θ ℜ{(k3 − ik)
(
e−ik1(x−x1) − r∗↑1 eik1(x−x1)
den
)
} (56)
m↑y = −16q1q2ek(x−x1) sin θ ℑ{(k3 − ik)
(
e−ik1(x−x1) − r∗↑1 eik1(x−x1)
den
)
} (57)
The transverse spin density is a produt between osillating funtion of k1 and
exponentially deaying funtion of k. Fig. 15 shows the spatial evolution of the
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Figure 15. Transfer spin density (blak line) as a funtion of the distane in the left
ferromagneti eletrode in half-metalli regime. We set ǫ↓ = 19 eV and Vb = 0.1 V.
transverse spin density in the ase of a half-metalli tunnel juntion. All the osillations
are damped very quikly so that the only important ontribution to torque omes
from the interfae. Contrary to usual MTJ (where both bulk averaging due to spatial
interferenes and interfaial spin reorientation ontribute to spin torque), in a strong
half-metalli tunnel juntion all the torque omes from spin reorientation due to spin-
dependent reetion. In this last ase, the ontribution of the spatial averaging between
all the impinging eletrons (κ-summation) is redued ompared to interfaial spin
transfer.
5. Conlusion
A free-eletron s-d model has been proposed to analyze spin transfer eets in magneti
tunnel juntions with amorphous barrier and non ollinear eletrode magnetizations.
We rst studied the anatomy of spin transport in suh MTJ, showing that only a small
part of the urrent undergoes spin-ipping due to the non ollinearity of the eletrode
magnetizations. This orresponds to only a small deviation of the reeted spin from
the loal magnetization. Nevertheless, we showed that this small amount of preessing
spin gives rise to an important transverse spin density leading to spin torque.
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We also showed that the tunnel barrier ats like an inidene lter whih inreases
the ontribution of the eletrons impinging with angle lose to the perpendiular
inidene. This κ-seletion is at the origin of an important IEC, ontrary to what
is observed experimentally in metalli spin valves. The ballisti transport dominating
the tunnel transport in MTJ is expeted to indue large osillations of STT and IEC as a
funtion of the distane from the interfae. If the osillation period is large ompared to
the exhange length and one will observe a twist of the magnetization in the thikness of
the layer. Otherwise, if the osillation period is short ompared to the exhange length,
one will observe the torque integrated over the layer thikness.
The bias dependene of spin transfer torque shows a strong asymmetry and a hange
of sign at positive bias voltage. This results is oherent with tight-binding alulations
[26℄. However, we saw that this model is strongly limited to small bias voltage beause
of the simpliity of the adopted band struture.
Finally, we analyzed STT and IEC when varying the s-d exhange oupling and we
demonstated that the torque still exists in MTJ omposed of half-metalli eletrodes,
due to spin-dependent reetions. However, for innite half-metalli MTJ (for innite
s-d oupling), it is shown that STT and dissipative IEC vanishes to zero.
Furthermore, several numerial studies have shown that, even in amorphous barrier,
the interfaes omposition and speially the presene of interfaial oxygen have a
very deep inuene on the spin polarization and thus on TMR and STT [42℄. The
reent development of MgO-based MTJ in spin transfer studies redued the interest
in amorphous barriers. However, amorphous barriers have the ability to present a
simple physial framework whih an onstitute a basis to understand spin transfer in
MTJ. Nevertheless, beause of its more omplex band struture and spin-ltering eet
assoiated with the symmetry of wavefuntions, mirosopi analysis of spin transfer
in MgO-based MTJ would present exiting fundamental harateristis even on spin
transfer eets [43℄.
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Appendix: Spin-dependent wave-funtions in a lean MTJ
In this appendix, we give the analytial formulae for the spin dependent wavefuntions
in the MTJ. Some funtions whih will be used in the desription of this wavefuntions
are rst dened:
q20 =
2m
~2
(U − EF )
q(x) =
√
q20 −
2m
~2
(
x− x1
x2 − x1 eV − ǫ
)
+ κ2
q1 = q(x1)
q2 = q(x2)
k1(2) =
√(
k
↑(↓)
F
)2
− 2m
~2
ǫ− κ2
k3(4) =
√(
k
↑(↓)
F
)2
− 2m
~2
(ǫ− eV )− κ2
E(xi, xj) = exp
∫ xj
xi
q(x)dx
En = E(x1, x2)
where EF is the Fermi energy, U is the height of the barrier, V is the bias voltage and
ǫ = EF −E, E being the energy of tunnelling eletron. We dene:
Ψ(q1, ki, q2, kj) = En(q1 − iki)(q2 − ikj)− E−1n (q1 + iki)(q2 + ikj)
φ(q1, ki, q2, kj) = En(q1 + iki)(q2 − ikj)−E−1n (q1 − iki)(q2 + ikj)
den = Ψ(q1, k1, q2, k3)Ψ(q1, k2, q2, k4)(1 + cos θ) + Ψ(q1, k2, q2, k3)Ψ(q1, k1, q2, k4)(1− cos θ)
r↑1 =
1
den
[φ(q1, k1, q2, k3)Ψ(q1, k2, q2, k4)(1 + cos θ) + φ(q1, k1, q2, k4)Ψ(q1, k2, q2, k3)(1− cos θ)]
r↑3 =
1
den
[φ(q2, k3, q1, k1)Ψ(q1, k2, q2, k4)(1 + cos θ) + φ(q2, k3, q1, k2)Ψ(q1, k1, q2, k4)(1− cos θ)]
Eletrons initially in the left eletrode have the following wavefuntions along the
struture :
Ψ
↑(↑)
L (−∞ < x < x1) =
1√
k1
[
eik1(x−x1) − r↑1e−ik1(x−x1)
]
Ψ
↓(↑)
L (−∞ < x < x1) =
8q1q2
√
k1 (k3 − k4) sin θ
den
e−ik2(x−x1)
Desription of urrent-driven torques in magneti tunnel juntions 31
Ψ
↑(↑)
L (x1 < x < x2) = −
2i
den
√
k1q1
q(x)
(E (x2, x) [Ψ (q1, k2, q2, k4) (q2 + ik3) (1 + cos θ)
+Ψ (q1, k2, q2, k3) (q2 + ik4) (1− cos θ)]
+E−1 (x2, x) [Ψ (q1, k2, q2, k4) (q2 − ik3) (1 + cos θ)
+Ψ (q1, k2, q2, k3) (q2 − ik4) (1− cos θ)])
Ψ
↓(↑)
L (x1 < x < x2) =
4q2
den
√
k1q1
q(x)
(k3 − k4) sin θ
[
E (x1, x) (q1 − ik2) + E−1 (x1, x) (q1 + ik2)
]
Ψ
↑(↑)
L (x2 < x <∞) = −
4i
den
√
k1q1q2
[
eik3(x−x2)Ψ (q1, k2, q2, k4) (1 + cos θ)
+eik4(x−x2)Ψ (q1, k2, q2, k3) (1− cos θ)
]
Ψ
↓(↑)
L (x2 < x <∞) = −
4i
den
√
k1q1q2
[
eik3(x−x2)Ψ (q1, k2, q2, k4)− eik4(x−x2)Ψ (q1, k2, q2, k3)
]
sin θ
Eletrons initially in the right eletrode have the following wavefuntions along the
struture :
Ψ
↑(↑)
R (−∞ < x < x1) = −
8i
den
√
q1q2k3Ψ(q1, k2, q2, k4) cos
θ
2
e−ik1(x−x1)
Ψ
↓(↑)
R (−∞ < x < x1) = −
8i
den
√
q1q2k3Ψ(q1, k1, q2, k4) sin
θ
2
e−ik2(x−x1)
Ψ
↑(↑)
R (x1 < x < x2) = −
4i
den
√
k3q2
q(x)
Ψ(q1, k2, q2, k4) cos
θ
2
[
E(x1, x)(q1 − ik1) + E−1(x1, x)(q1 + ik1)
]
Ψ
↓(↑)
R (x1 < x < x2) = −
4i
den
√
k3q2
q(x)
Ψ(q1, k1, q2, k4) sin
θ
2
[
E(x1, x)(q1 − ik2) + E−1(x1, x)(q1 + ik2)
]
Ψ
↑(↑)
R (x2 < x <∞) = cos
θ
2
1√
k3
[
e−ik3(x−x2) − r↑3eik3(x−x2)
]
+ sin
θ
2
sin θ√
k3
8q1q2k3(k1 − k2)
den
eik4(x−x2)
Ψ
↓(↑)
R (x2 < x <∞) = sin
θ
2
1√
k3
[
e−ik3(x−x2) − r↑3eik3(x−x2)
]
− cos θ
2
sin θ√
k3
8q1q2k3(k1 − k2)
den
eik4(x−x2)
To obtain Ψ↓(↓) and Ψ↑(↓) from Ψ↑(↑) and Ψ↓(↑), θ must be replaed by −θ and k1
(k3) by k2 (k4) in the above formulae.
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